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Abstract
We present results from offline searches of Fermi Gamma-ray Burst Monitor (GBM) data for gamma-ray transients
coincident with the compact binary coalescences observed by the gravitational-wave (GW) detectors Advanced
LIGO and Advanced Virgo during their first and second observing runs. In particular, we perform follow-up for
both confirmed events and low significance candidates reported in the LIGO/Virgo catalog GWTC-1. We search
for temporal coincidences between these GW signals and GBM-triggered gamma-ray bursts (GRBs). We also use
the GBM Untargeted and Targeted subthreshold searches to find coincident gamma-rays below the onboard
triggering threshold. This work implements a refined statistical approach by incorporating GW astrophysical
source probabilities and GBM visibilities of LIGO/Virgo sky localizations to search for cumulative signatures of
coincident subthreshold gamma-rays. All search methods recover the short gamma-ray burst GRB 170817A
occurring ∼1.7 s after the binary neutron-star merger GW170817. We also present results from a new search
seeking GBM counterparts to LIGO single-interferometer triggers. This search finds a candidate joint event, but
212 NASA Postdoctoral Fellow.
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given the nature of the GBM signal and localization, as well as the high joint false alarm rate of 1.1×10−6 Hz, we
do not consider it an astrophysical association. We find no additional coincidences.
Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Gravitational waves (678)
1. Introduction
Simultaneous observations of the same source in gravita-
tional waves (GWs) and gamma-rays probe some of the most
cataclysmic events in the universe and create rich opportunities
to study fundamental physics, cosmology, and high energy
astrophysics. This was demonstrated by the joint observations
(Abbott et al. 2017d) of the binary neutron-star (BNS)
coalescence GW170817 (Abbott et al. 2019b, 2017e) and the
short gamma-ray burst GRB 170817A (Goldstein et al. 2017;
Savchenko et al. 2017). These observations led to constraints
on the speed of gravity (Abbott et al. 2017a), an independent
measure of the Hubble constant (Abbott et al. 2019a, 2017b;
Hotokezaka et al. 2019), evidence for heavy element produc-
tion via r-process nucleosynthesis in a kilonova (e.g., Chornock
et al. 2017; Cowperthwaite et al. 2017; Kasen et al. 2017;
Tanvir et al. 2017; Watson et al. 2019), and more. Motivated
by the wealth of science gained from multimessenger
observations such as these, we seek to increase the number
of joint GW/gamma-ray detections by performing coordinated
analysis of candidates from Advanced LIGO (Aasi et al. 2015),
Advanced Virgo (Acernese et al. 2015), and the Fermi Gamma-
ray Burst Monitor (GBM; Meegan et al. 2009).
The first LIGO/Virgo science observing run (O1) ran from
2015 September to 2016 January, during which GBM
performed online analyses of GW candidates from compact
binary coalescence (CBC) searches. For GBM offline analysis
(Burns et al. 2019), trigger selection was conservative, treating
all CBC candidates with a false alarm rate (FAR) of less than
10−5 Hz (about 1/day) as equally plausible for follow-up. The
CBC candidates were used to search for coincidences with
GBM-triggered GRBs and subthreshold short GRBs from the
offline Untargeted Search (M. S. Briggs et al. 2020, in
preparation). CBC event times were also used to seed more
sensitive follow-up with the Targeted Search (Blackburn et al.
2015) of GBM data. No unambiguous coincidences were found
between the GBM and LIGO/Virgo candidates. The most
significant event found in the GBM follow-up search was
associated with the first observed binary black hole (BBH)
coalescence, GW150914 (Abbott et al. 2016b). However the
GBM candidate, GW150914-GBM, could not be unambigu-
ously claimed as an electromagnetic counterpart due to its
extremely weak signal and poor localization (Connaughton
et al. 2016; Greiner et al. 2016; Connaughton et al. 2018).
For the second observing run (O2), running from 2016
November to 2017 August, the GBM Targeted Search was
improved (Goldstein et al. 2016) and run autonomously, in
low latency, again following up CBC triggers with
FAR<10−5 Hz. The most interesting multimessenger event
from O2 was the association between GW170817 and GRB
170817A. The Targeted Search proved redundant in this
case, as the GRB produced a trigger on board Fermi.213
However, had the source been ∼10Mpc farther from Earth, it
would not have triggered the detectors on board GBM and
would have only been detectable with subthreshold searches
(Abbott et al. 2017d; Goldstein et al. 2017), while still being
well within the LIGO/Virgo detection horizon (Abbott et al.
2017e).
In this work, we perform an offline follow-up of all CBC
triggers published in the first LIGO/Virgo gravitational-wave
transient catalog (GWTC-1; Abbott et al. 2019c). Our search
methods are akin to LIGO/Virgo searches for GWs coincident
with GRBs (Abbott et al. 2017c, 2019d). In addition to seeking
coincidences to individual GW events, we search on a
statistical basis, looking for any cumulative effects that
subthreshold gamma-ray counterparts might have on the
resulting follow-up distribution. We improve upon the GBM
analysis of O1 triggers in Burns et al. (2019), in that the joint
association calculation no longer treats all CBC candidates
equally. Instead, the analysis accounts for the astrophysical
nature of the CBC candidates as well as their potential visibility
with respect to GBM. This is done by incorporating the
probability that each CBC candidate originated from an
astrophysical rather than terrestrial source and also considering
the fraction of LIGO/Virgo localization probability that was
observable to GBM at GW trigger time. Finally, we augment
GBM follow-up of GW events by also reporting results from a
new search method (Stachie et al. 2020) that seeks gamma-rays
coincident with LIGO single-interferometer triggers.
This paper is organized as follows. In Section 2, we describe
the sample of gravitational-wave candidates and the GBM
searches used to follow-up this sample. Section 3 summarizes
the results of these searches, including the search for
coincidences with single-interferometer triggers, and discusses
the probability of association between the GW and gamma-ray
candidate events. In Section 4, we conclude and discuss future
prospects for GBM follow-up of GWs.
2. Method
2.1. Gravitational-wave Trigger Selection
The Advanced LIGO (Aasi et al. 2015) and Virgo (Acernese
et al. 2015) observatories are kilometer-scale Michelson laser
interferometers designed to detect GWs. Multiple search
pipelines are used to detect CBC events in strain data, with
each pipeline making different assumptions about the signals
and the detector noise and using different technical solutions to
maximize detection efficiency. We focus on events generated
by two pipelines: PyCBC (Usman et al. 2016) and GstLAL
(Messick et al. 2017). Both rely on accurate physical models of
the gravitational waveform radiated by a CBC event and use
the models to perform matched filtering on strain data. The
process of matched filtering produces a signal-to-noise ratio
(S/N) over a large number of templates covering the CBC
parameter space. The extent of the parameter space chosen for
O2 and the method used to construct the template bank are
described for PyCBC and GstLAL in Dal Canton & Harry
(2017) and Mukherjee et al. (2018), respectively. Once the S/N
has been calculated over all templates, S/N-peaks above a
certain threshold are recorded as single-detector CBC triggers.
Non-Gaussian and nonstationary detector noise fRequently213 https://gcn.gsfc.nasa.gov/other/524666471.fermi
7
The Astrophysical Journal, 893:100 (14pp), 2020 April 20 Hamburg et al.
produces nonastrophysical triggers with large S/N, hence the
pipelines employ a variety of techniques to veto or down-rank
such triggers. The surviving triggers are used in a coincidence
analysis, and each pair of triggers occurring within the
maximum GW travel time between detectors produces a
coincident trigger. The coincident trigger is assigned a ranking
statistic that takes into account (i) S/N in the GW detectors, (ii)
signal-based vetoes indicating the compatibility of the wave-
form with a CBC signal, and (iii) the probability of the
observed combination of S/N, time delay, and phase difference
at the different detectors to be produced by an astrophysical
signal (e.g., Nitz et al. 2017). The final step is mapping the
coincident rank to a statistical significance, which in the case of
CBC pipelines is reported via two different quantities: the FAR
of the search at the time of the trigger and the probability that
the trigger has an astrophysical origin (pastro; Kapadia et al.
2020). pastro is estimated using our current understanding of the
population of real signals weighed against the distribution of
background (false signals) due to GW detector noise
fluctuations.
We perform GBM follow-up of all 25 CBC triggers reported
in the LIGO/Virgo catalog GWTC-1 (Abbott et al. 2019c).
This catalog utilized state-of-the-art configurations of PyCBC
and GstLAL, as well as the best data-quality selection of the
LIGO and Virgo strain data available, for a full reanalysis of
O1 and O2. Listed in Table 1, the catalog triggers were
required to pass an initial threshold of FAR 3.86×10−7 Hz
(about 1/30 days) in at least one pipeline. Triggers passing this
FAR threshold and additionally having pastro greater than 50%
are denoted with “GW” in the event name. In the follow-up
analyses, the GBM searches are guided by the CBC trigger
times. To assess GBM coverage of the LIGO/Virgo triggers,
the public HEALPix (Górski et al. 2005) sky localization maps
accompanying GWTC-1 are taken for the high pastro detections
(LIGO Scientific & Virgo Collaboration 2019). We generate
BAYESTAR skymaps (Singer & Price 2016) for all remaining
triggers which had corresponding GBM data. BAYESTAR
skymaps rely on the mass and spin parameters reported by
the searches and do not marginalize over them, as is done
instead for high pastro detections via full parameter estimation
(Veitch et al. 2015; Abbott et al. 2016a). Nevertheless, they
allow approximations of GBM observing coverages at much
lower computational costs. Finally, for each CBC trigger, the
maximum pastro is used between the GstLAL and PyCBC
pipelines (Abbott et al. 2019c, Table IV).
2.2. Fermi-GBM Searches
GBM is a survey instrument on board the Fermi Gamma-ray
Space Telescope and is comprised of 14 scintillation detectors
that span an energy range of 8 keV–40MeV (Meegan et al.
2009). Twelve of the detectors are made of thallium-doped
sodium iodide (NaI) crystals and are oriented in such a manner
as to cover the entire sky unocculted by the Earth (∼70%). The
two other detectors are bismuth germanate (BGO) crystals
positioned on opposite sides of the spacecraft. Triggering
algorithms running on the satellite search data on multiple
timescales and energy ranges for coherent, statistically
significant (usually 4σ) excesses in at least 2 NaI detectors
(Bhat et al. 2016; von Kienlin et al. 2020). Localization is
performed by combining the detector responses with a set of
three template photon spectra representing spectrally hard,
normal, and soft GRBs to generate expected photon counts
from points evenly spaced across a 1° grid of the sky
(Connaughton et al. 2015). The expected count rates are
compared to the observed rates, and a χ2 minimization process
identifies the most likely direction, with localization accuracy
on the order of degrees. GBM continuously takes data except
during passage through the South Atlantic Anomaly (SAA)
when the detectors are turned off due to high particle flux,
yielding an uptime of approximately 85%.
GBM has developed increased sensitivity to weak, short
GRBs by means of two offline searches: the Untargeted
Search214 (M. S. Briggs et al. 2020, in preparation) and the
Targeted Search (Blackburn et al. 2015; Goldstein et al. 2016).
These searches seek transient signals that do not exceed the
high threshold set by the onboard triggering algorithms, and in
this work, they are employed to find subthreshold gamma-rays
coincident with the GW triggers in our search sample.
Additional details on these searches follow.
2.2.1. Untargeted Search
The Untargeted Search is a blind search of continuous time-
tagged event (CTTE) data, running automatically upon receipt
of data from the Fermispacecraft and using no information
from GW searches. The search improves upon the onboard
triggering algorithms by utilizing additional energy ranges and
timescales, as well as a more sophisticated background-fitting
Table 1
Gravitational-wave Triggers from Abbott et al. (2019c)
LIGO/Virgo GBM
GW Event UTC Date UTC Time pastro Coverage
GW150914 2015 Sep 14 09:50:45.4 1 66.7%
151008 2015 Oct 8 14:09:17.5 0.27 100%
151012.2 2015 Oct 12 06:30:45.2 0.023 58.4%
GW151012 2015 Oct 12 09:54:43.4 1 66.1%
151116 2015 Nov 16 22:41:48.7 =0.5 72.6%
GW151226 2015 Dec 26 03:38:53.6 1 78.8%
161202 2016 Dec 2 03:53:44.9 0.034 L
161217 2016 Dec 17 07:16:24.4 0.018 L
GW170104 2017 Jan 4 10:11:58.6 1 90.3%
170208 2017 Feb 8 10:39:25.8 0.02 97.8%
170219 2017 Feb 19 14:04:09.0 0.02 5.1%
170405 2017 Apr 5 11:04:52.7 0.004 L
170412 2017 Apr 12 15:56:39.0 0.06 67.2%
170423 2017 Apr 23 12:10:45.0 0.086 45.2%
GW170608 2017 Jun 8 02:01:16.5 1 73.0%
170616 2017 Jun 16 19:47:20.8 =0.5 66.2%
170630 2017 Jun 30 16:17:07.8 0.02 8.2%
170705 2017 Jul 5 08:45:16.3 0.012 26.3%
170720 2017 Jul 20 22:44:31.8 0.0097 48.2%
GW170729 2017 Jul 29 18:56:29.3 0.98 88.9%
GW170809 2017 Aug 9 08:28:21.8 1 73.9%
GW170814 2017 Aug 14 10:30:43.5 1 73.6%
GW170817 2017 Aug 17 12:41:04.4 1 100%
GW170818 2017 Aug 18 02:25:09.1 1 100%
GW170823 2017 Aug 23 13:13:58.5 1 L
Note. The pastro values shown here are the maximum values reported between
the GstLAL and PyCBC pipelines. The percentage of the LIGO/Virgo
localization probability that was visible to GBM at trigger time is also given.
Triggers with unspecified coverage are due to GBM passage through the South
Atlantic Anomaly when all detectors are turned off.
214 https://gcn.gsfc.nasa.gov/fermi_gbm_subthresh_archive.html
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model. Candidate events are required to have excess counts
greater than 2.5σ relative to background in one detector and at
least 1.25σ in a second detector. Significant candidates are
autonomously distributed via the Gamma-ray Coordinates
Network along with HEALPix skymaps to facilitate joint
detections with other instruments (see, e.g., Zhang et al. 2017).
Further details on the Untargeted Search and an analysis of its
candidates will be published in a forthcoming article.
2.2.2. Targeted Search
The Targeted Search was designed for multimessenger
follow-up, requiring an input time and/or HEALPix skymap to
seed a sensitive search of CTTE data. When seeking counter-
parts to GWs, the Targeted Search analyzes a 60 s window
centered on the input GW time and searches timescales
increasing by powers of 2 from 64 ms to 8.192 s, while phasing
time bins by a factor of 4. Data from all 14 detectors are
processed coherently to achieve a greater sensitivity to weak
signals than when analyzing one detector at a time, as
performed by the onboard flight software and the Untargeted
Search. Three model spectra, described in Goldstein et al.
(2016), are folded through the detector responses to produce
templates of expected counts which are then compared to the
observed distribution of counts in each energy channel of each
detector. The comparison is performed via a log-likelihood
ratio (Λ), testing the alternative hypothesis of the presence of a
signal with a similar spectrum versus the null hypothesis of
only background noise. Treating Λ as our detection statistic, the
model spectrum resulting in the highest Λ is selected as the
preferred spectrum, and this procedure is repeated for each bin
of data in the search (see Blackburn et al. 2015 for the detailed
calculation of Λ). Bins contaminated by phosphorescent noise
events are removed, and overlapping bins are merged to
produce only the most significant bin. After this filtering, all
remaining bins are retained as candidate events for our analysis.
The different spectral templates tend to identify different types
of sources in the GBM background, and such types may have
very different rates of occurrence. To preserve sensitivity to
these different sources, the bins are separated by best-fit
spectral template, and event significance (i.e., FAR) is
measured against background from the same template.
The Targeted Search was made more sensitive in preparation
for O2 by improving the background estimation, revising the
spectral template for hard GRBs, and implementing additional
automated filters (Goldstein et al. 2016). In particular, a Λ
prefilter was applied. The Λ calculation demands an initial
estimation of the signal amplitude (effectively, the photon
fluence in the time bin over 50–300keV) that maximizes the
likelihood of the hypothesis that a signal exists. The prefilter
excludes time bins with initial guesses of Λ<5 from the full
numerical optimization, increasing the speed of this computa-
tionally expensive task by up to a factor of 5. Bins with Λ<5
have been verified to lie well within the GBM background, thus
excluding them does not affect the sensitivity of the search.
This updated version of the Targeted Search was used to
analyze both the O1 and O2 triggers in our sample. Further
improvements have been made for online analysis of CBC
triggers during Advanced LIGO and Advanced Virgoʼs third
observing run (Goldstein et al. 2019), but were not used in
this work.
3. Results
Here we present the results of our searches for gamma-ray
counterparts to the GW triggers in our sample. To quantify event
significance, each resulting search distribution is compared to that
of background. The background used in the following sections is
composed of randomly selected times during which both LIGO
detectors were in observing mode during O1 and O2. The ratio of
random background between O1 and O2 is also roughly
proportional to the LIGO/Virgo livetimes during O1 and O2.
The same Targeted Search input parameters used for the search
sample were used for the background, resulting in ∼10 (20)ks of
background during O1 (O2), yielding a minimum FAR of
∼1×10−5 (∼5×10−6)Hz for Targeted Search analysis.
Finally, the background times were chosen independently with
respect to GBM and therefore include GBM trigger times.
3.1. GBM Trigger and Untargeted Search Results
As done in Burns et al. (2019), we first examine the time
offsets between the search sample of CBC triggers and both
GRBs detected by the GBM onboard flight software and
subthreshold short GRB candidates from the Untargeted
Search. This method is similar to the RAVEN analysis used
by LIGO/Virgo (Urban 2016). The Untargeted Search sample
consists of all 187 candidates published during O1 and O2 via
GCN, as described in the previous section. Combining these
with the triggered GRBs, we obtained a total of 474 GRBs. The
temporal offsets between the 25 GW events and the GBM
GRBs were then determined, and the smallest offset for each
GW candidate was taken. The search sample offsets are
compared to those arising from random coincidences by
finding the shortest temporal offsets between the background
times and the GW trigger times. Both positive and negative
offsets were allowed for search sample and background, but a
maximum offset was not enforced. GW triggers occurring
during Fermi passage through SAA were included, limiting the
minimum time offsets for some GBM events; however, the
same treatment for the search was used for background.
The cumulative distribution for this search is presented in
Figure 1. The search sample including GW170817 is shown
Figure 1. Cumulative distribution for the minimal time offsets between the 25
CBC triggers and GRBs found by either the GBM onboard triggering
algorithms or the Untargeted Search. The background offset distribution is
shown in black. The search sample including GW170817 is depicted by the
solid gold line, and the search excluding GW170817 is shown by the dashed
brown line.
9
The Astrophysical Journal, 893:100 (14pp), 2020 April 20 Hamburg et al.
with the solid gold line, while the distribution without
GW170817 is displayed by the dashed brown line. Confidence
regions were obtained empirically by Monte Carlo sampling of
the background offset distribution with sample size equal to
that of the search sample and finding the desired percentiles.
The most significant deviation of the search distribution from
that of random background is caused by GRB 170817A, found
∼1.7 s after GW170817. Omitting GW170817, the shortest
time interval between a CBC trigger from our sample and a
GBM event is approximately 1000 s. On-axis prompt emission
from a short GRB is not expected at such large time delays
after a BNS merger (Vedrenne & Atteia 2009; Zhang 2019),
though larger delays may be allowed for off-axis emission
(e.g., Salafia et al. 2018). Hence, with this first search we find
no evidence for GW/gamma-ray associations apart from
GW170817/GRB 170817A.
3.2. Targeted Search Results
The Targeted Search was used to search for subthreshold
gamma-ray signals around 21 events from the CBC search
sample. GBM data were not collected around triggers 161202,
161217, 170405, and GW170823 due to passage through the
SAA; therefore, these events were excluded from this search.
For those remaining, the GBM coverage of the LIGO/Virgo
localizations (see Table 1) was obtained. No LIGO/Virgo
skymap was fully occulted by the Earth, and GBM observed
between ∼5% and 100% of the localization probability with an
average observing fraction of 67.0%.
The Targeted Search follow-up distributions for O1 triggers
and O2 triggers are shown as functions of Λ in Figures 2 and 3,
respectively. The background distributions were constructed by
running the Targeted Search over the randomly selected times
described above with the same parameters used for the search
sample. As described in the previous section, confidence
intervals for the search samples were produced by Monte Carlo
sampling the background Λ distributions with the same sample
size as the search sample. The distributions are separated into
three categories according to the best-fitting spectral template,
due to the different backgrounds affecting the three templates.
Also, because of the time-variable nature of the background in
each template, we obtain event significance by comparing the
follow-up of O1 triggers to GBM background taken during O1
and O2 follow-up to O2 background.
For both O1 and O2, the search distributions lie largely
within the 90% confidence region of the median for all spectral
templates. The O1 follow-up (Figure 2) does not show any
significant outliers in the sample distributions. The transient
GW150914-GBM is found with a FAR of 8.7×10−4 Hz in
the hard template distribution, where the FAR is the cumulative
event rate of the background at the same Λ, and lies just within
50% confidence. The most significant event in the O2 follow-
up (Figure 3) can be seen in the normal template distribution
and is GRB 170817A, found with a FAR of 2.0×10−5 Hz.
The spectrally soft tail of GRB 170817A is also the most
Figure 2. O1 cumulative event rate distributions of the GBM background (black dashed lines) and search samples (solid gold line) for the GBM Targeted Search as a
function of the log-likelihood ratio. Distributions are separated according to best-fitting spectral template. The transient GW150914-GBM is marked by a gold star in
the hard template distribution.
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significant foreground event in the O2 soft template distribu-
tion, with a FAR of 4.1×10−4 Hz, but is within the 50%
confidence region. No other significant candidates are found.
3.3. Targeted Search Joint Analysis
The FARs discussed in the previous section measure the
significance of GBM transients with respect to the Targeted
Search background only, regardless of the GW observations.
Here we characterize the significance of coincidences between
the GW events and the gamma-ray signals from the Targeted
Search. In our previous works (e.g., Connaughton et al. 2016;
Burns et al. 2019), this was done by ranking gamma-ray
candidates by the Targeted Search FAR and the relative time
offsets between the candidates and the GW triggers. We build
upon these analyses by also considering (i) the probability that
the GW signal is astrophysical in origin and (ii) the fraction of
the LIGO/Virgo sky localization visible to GBM at the GW
event time. Therefore, we rank gamma-ray candidates found by
the Targeted Search with a statistic R defined as
∣ ∣
( )= ´D ´R
p p
t FAR
, 1astro visible
GBM
where Δt is the time offset between the GW trigger and the
gamma-ray event and pvisible is the fraction of the LIGO/Virgo
localization probability observable to GBM. A minimum offset
of 64 ms was set to match the time binning of the data. GW
triggers 151116 and 170616 were given the lowest pastro of the
sample (i.e., 0.004) in light of the upper limits reported in
GWTC-1 (see Table 1). Background events are ranked using
the same statistic R. As background events have no corresp-
onding LIGO/Virgo information, skymaps and pastro values
from the GW search sample were randomly assigned to each
background event, and the fraction of GBM visibility was
calculated at the background time using the randomly selected
skymap.
The ranking statistic of the search sample is mapped to a p-
value, defined as the number of more highly ranked back-
ground events divided by the total number of background
events, or pi=N(R>Ri)/N, where N is the number of
gamma-ray events in the background and i is the index of an
event in the search sample. Again, search sample events from
O1 and O2 are compared to background from O1 and O2,
respectively. The cumulative distributions of the combined O1
and O2 p-values are shown in Figure 4, with and without
GW170817 follow-up. The dashed black lines follow a uniform
distribution, representing the null hypothesis that the search
sample is consistent with that of background. The confidence
regions for the p-value distribution were generated by random
sampling of the background uniform distribution with sample
size equal to the search sample size.
For the search including GW170817 follow-up, excesses of
greater than 3 σare observed due to contributions from GRB
170817A. The main emission peak of GRB 170817A has a
higher ranking than any other event in the background, making
Figure 3. O2 cumulative event rate distributions of the GBM background (black dashed lines) and search samples (solid gold line) for the GBM Targeted Search as a
function of the log-likelihood ratio. Distributions are separated according to the best-fitting spectral template. Both the main peak and soft thermal tail of GRB
170817A, the short gamma-ray burst counterpart to GW170817, are indicated by gold stars in the normal and soft template distributions, respectively.
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its p-value an upper limit. Removing all Targeted Search
candidates associated with GW170817, excesses greater than
2σ are still observed. Contributing to this near the tail of the
distribution is GW150914-GBM, which is found with a p-value
of ∼1.8×10−3. Of the remaining candidates (located around
p-value=1.0×10−1), the detector lightcurves, spectral
information, and localizations have been manually inspected.
Real signals have consistent signal in detectors viewing
approximately the same portion of the sky and are likely be
found on multiple timescales by the Targeted Search. Short
GRB-like signals typically display most of their emission
above 50keV. However, softer events with localizations
consistent the Sun or the Galactic plane are likely to be solar
flares or galactic sources rather than GRBs. All inspected
events were judged to be either inconsistent with real short
GRB-like signals or too weak in GBM data to constrain any
properties. Therefore we judge this excess likely unrelated to
the CBCs in the search sample. Some of the excess may be due
to real but unrelated gamma-ray signals, and future observa-
tions can be used to either exclude or strengthen this feature.
We do not find evidence here to report any associations other
than GW170817 and GRB 170817A.
3.4. Targeted Search Follow-up of Single Interferometer
Triggers
During O1 and O2, a single LIGO interferometer taking
science observing-mode data covered 33.4% and 29.5% of the
respective livetimes. CBC events occurring during these times
can still be detected (Callister et al. 2017; Sachdev et al. 2019),
albeit with a reduced significance due to the lack of coincidence
with a second detector. The lack of a second detector can be
somewhat mitigated by searching for a coincident gamma-ray
transient (Nitz et al. 2019) as the physical connection between
GWs and GRBs has been established for at least BNS mergers.
This idea is roughly illustrated by the narrative of GW170817,
which was initially a single-interferometer trigger due to the
presence of a glitch in the LIGO Livingston detector (Abbott
et al. 2017e; Pankow et al. 2018), but was nonetheless found to
be time-coincident with GRB 170817A.
The method for searching for GBM counterparts to single-
interferometer triggers differs from those presented in the
previous sections. We start from PyCBC single-interferometer
triggers having a reweighted S/N (Usman et al. 2016) higher
than 8, yielding a sample of 1621 (1126 for O2 and 495 for
O1) triggers. The search for gamma-ray counterparts is then
performed using the Targeted Search. We only consider possible
associations between PyCBC candidates and the most significant
GBM candidates found within the corresponding ±30 s search
windows. Thus, we obtain pairs of GW candidates and gamma-
ray candidates and compute a joint statistical significance. This
statistic is calculated by taking into account (i) the time offset, (ii)
the reweighted S/N of the GW trigger, (iii) the Targeted Search
Λ, and (iv) the overlap between the GW and gamma-ray sky
localizations defined in Ashton et al. (2018). Further details on
the statistical method will be given in Stachie et al. (2020).
Although we find no highly significant associations, a close
inspection of the data around the 80 candidates with the highest
significance (i.e., lowest FAR) was performed. For these
candidates, LIGO detector characterization was performed using
standard tools like Omicron scans, Omega scans, and Used
Percentage Veto (Isogai et al. 2010; Abbott et al. 2016c, 2018).
Sixty-four candidates in temporal proximity with known types of
instrumental transients, blip glitches (Abbott et al. 2016c; Cabero
et al. 2019), nonstationary noise visible in spectrograms, and
scattered light were rejected. There were 12 other triggers
disfavored because parameter estimation (Veitch & Vec-
chio 2010) either showed evidence of a glitch (i.e., the existence
of bimodality in posterior probability for different CBC
parameters) or returned a low (<5) log10 Bayes factor. The
Bayes factor compares the hypothesis of the presence of signal in
the data to the hypothesis of the presence of Gaussian noise, with
a low Bayes factor indicating the data contain little evidence of a
signal. Three candidates were also eliminated due to noticeably
poor background fits in the low-energy channels of the GBM
detectors, which often cause inflated Λ values.
A single L1 surviving coincident association remained with
no obvious reason for rejection. However, the derived FAR,
based on coincidences between noises in LIGO and noises in
GBM (Stachie et al. 2020), is relatively high at 1.1×10−6 Hz.
The implied low significance is mainly due to the soft spectrum
of the GBM candidate. The GBM candidate has a localization
consistent with the galactic plane and is likely produced by
Figure 4. Cumulative distribution of the Targeted Search p-values. The dashed
black lines represent the expected background distribution. Top: follow-up
search sample including GW170817. The main emission episode of GRB
170817A is found with higher ranking than any other candidate within the
background distribution. Its p-value is therefore marked as an upper limit
(black triangle) at greater than 3σ deviation from the background p-value
distribution. Bottom: follow-up search sample without GW170817.
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Scorpius X-1, as a strong occultation step caused by this
Galactic X-ray source was observed close in time to the trigger.
Finally, the parameter estimation of the LIGO signal indicates
masses of >100Me for the two components of the binary. As
of yet, there are no confirmed observations of such binary
mergers (Abbott et al. 2019e), which suggests that these
systems, if they exist, are not common.
4. Summary and Future Directions
We have used LIGO/Virgo and Fermi-GBM data and
multiple algorithms to search for gamma-ray transients
associated with high and low significance CBC events reported
in the first gravitational-wave transient catalog, GWTC-1.
The GBM subthreshold searches for gamma-ray candidates
employed improved algorithms to conduct more sensitive
searches than those used in online follow-up during O1 and O2.
All searches identified the coincidence between the short
gamma-ray burst GRB 170817A and the BNS coalescence
signal GW170817. We found no additional coincident detec-
tions between CBC triggers and GBM triggers or Untargeted
Search candidates. The GBM Targeted Search found the main
emission peak and the long, soft tail of GRB 170817A with
FARs of 2.0×10−5 Hz and 4.1×10−4 Hz, respectively, and
the p-value of the joint association was found to deviate from
the background distribution at greater than 3σ. The gamma-ray
transient GW150914-GBM was also found with a FAR of
8.7×10−4 Hz, but was not a significant candidate on its own,
lying just within the 50% confidence region of the hard spectral
template. Future multimessenger observations will be neces-
sary to establish any astrophysical connection between gamma-
ray emission and BBH mergers (see, e.g., Veres et al. 2019).
No other short GRB candidates were found in association with
the CBC triggers.
In this work, the joint analysis was improved compared to
that performed in Burns et al. (2019). In addition to the
temporal offset and the Targeted Search FAR, we also
considered the significance of the LIGO/Virgo trigger and
the GBM visibility of the LIGO/Virgo sky localization.
However, this analysis can be further refined. By including
all candidates reported in GWTC-1, we implicitly assumed that
BBH, BNS, and NSBH (i.e., neutron star-black hole) mergers
are equally likely to produce gamma-ray emission, and sought
counterparts to these mergers using a wide parameter space of
different timescales, energy ranges, and spectral templates. The
broad nature of this search was motivated by the fact that, with
only one confirmed coincidence, the observational properties of
joint GW/GRB events are still largely unknown. Improving
our search to target short GRB-like signals and filter transients
from sources unrelated to CBCs, such as particle and galactic
flares, may increase sensitivity to coincident, subthreshold short
GRBs. Improvements in GBM search pipelines (Goldstein et al.
2019) and formal methodology (e.g., Ashton et al. 2018) are
being undertaken for joint LIGO/Virgo and GBM analysis of
CBC triggers from O3.
Finally, a new search for GBM coincidences with LIGO
single-interferometer triggers was also conducted. The most
interesting resulting candidate is unlikely to be an astrophysical
association because of its high FAR. Additionally, the gamma-
ray signal was likely caused by flaring activity from a source
near the Galactic plane and parameter estimation of the LIGO
signal suggests source masses inconsistent with a neutron-star
coalescence. For future observing runs (Abbott et al. 2019f),
the single-interferometer search methods will be improved. The
introduction of several types of follow-up methods will be one
of the modifications introduced during these subsequent runs.
This will result in an improved FAR distribution, as future
observations will assess associations between a specific
category of CBC candidates (BNS, NSBH, or BBH) and
GBM candidates defined by their duration and spectral
hardness.
The UAH coauthors gratefully acknowledge NASA funding
from cooperative agreement NNM11AA01A. The USRA
coauthors gratefully acknowledge NASA funding through
contract NNM13AA43C. Through appointments to the NASA
Postdoctoral Program, E.B. is supported at the Goddard Space
Flight Center, and C.M. and J.W. are supported at the Marshall
Space Flight Center. C.A.W.H. gratefully acknowledges
NASA funding through the Fermi GBM project.
The LIGO and Virgo coauthors gratefully acknowledge the
support of the United States National Science Foundation
(NSF) for the construction and operation of the LIGO
Laboratory and Advanced LIGO as well as the Science and
Technology Facilities Council (STFC) of the United Kingdom,
the Max-Planck-Society (MPS), and the State of Niedersach-
sen/Germany for support of the construction of Advanced
LIGO and construction and operation of the GEO600 detector.
Additional support for Advanced LIGO was provided by the
Australian Research Council. The authors gratefully acknowl-
edge the Italian Istituto Nazionale di Fisica Nucleare (INFN),
the French Centre National de la Recherche Scientifique
(CNRS) and the Foundation for Fundamental Research on
Matter supported by the Netherlands Organisation for Scientific
Research, for the construction and operation of the Virgo
detector and the creation and support of the EGO consortium.
The authors also gratefully acknowledge research support from
these agencies as well as by the Council of Scientific and
Industrial Research of India, the Department of Science and
Technology, India, the Science & Engineering Research Board
(SERB), India, the Ministry of Human Resource Development,
India, the Spanish Agencia Estatal de Investigación, the
Vicepresidència i Conselleria d’Innovació Recerca i Turisme
and the Conselleria d’Educació i Universitat del Govern de les
Illes Balears, the Conselleria d’Educació Investigació Cultura i
Esport de la Generalitat Valenciana, the National Science
Centre of Poland, the Swiss National Science Foundation
(SNSF), the Russian Foundation for Basic Research, the
Russian Science Foundation, the European Commission, the
European Regional Development Funds (ERDF), the Royal
Society, the Scottish Funding Council, the Scottish Universities
Physics Alliance, the Hungarian Scientific Research Fund
(OTKA), the Lyon Institute of Origins (LIO), the Paris Il̂e-de-
France Region, the National Research, Development and
Innovation Office Hungary (NKFIH), the National Research
Foundation of Korea, Industry Canada and the Province of
Ontario through the Ministry of Economic Development and
Innovation, the Natural Science and Engineering Research
Council Canada, the Canadian Institute for Advanced
Research, the Brazilian Ministry of Science, Technology,
Innovations, and Communications, the International Center for
Theoretical Physics South American Institute for Fundamental
Research (ICTP-SAIFR), the Research Grants Council of Hong
13
The Astrophysical Journal, 893:100 (14pp), 2020 April 20 Hamburg et al.
Kong, the National Natural Science Foundation of China
(NSFC), the Leverhulme Trust, the Research Corporation, the
Ministry of Science and Technology (MOST), Taiwan and
the Kavli Foundation. The authors gratefully acknowledge the
support of the NSF, STFC, INFN and CNRS for provision of
computational resources.
This research also made use of Astropy, a community-
developed core Python package for Astronomy (Astropy
Collaboration et al. 2013); NumPy (Van Der Walt et al.
2011); SciPy (Jones et al. 2001); and matplotlib, a Python
library for publication quality graphics (Hunter 2007).
ORCID iDs
A. Goldstein https://orcid.org/0000-0002-0587-7042
E. Bissaldi https://orcid.org/0000-0001-9935-8106
C. Malacaria https://orcid.org/0000-0002-0380-0041
S. Poolakkil https://orcid.org/0000-0002-6269-0452
P. Veres https://orcid.org/0000-0002-2149-9846
A. von Kienlin https://orcid.org/0000-0002-0221-5916
C. A. Wilson-Hodge https://orcid.org/0000-0002-8585-0084
K. Agatsuma https://orcid.org/0000-0002-3952-5985
S. Banagiri https://orcid.org/0000-0001-7852-7484
I. Bartos https://orcid.org/0000-0001-5607-3637
C. Casentini https://orcid.org/0000-0001-8100-0579
N. Cornish https://orcid.org/0000-0002-7435-0869
A. Corsi https://orcid.org/0000-0001-8104-3536
M. W. Coughlin https://orcid.org/0000-0002-8262-2924
T. Dent https://orcid.org/0000-0003-1354-7809
Z. Doctor https://orcid.org/0000-0002-2077-4914
S. Fairhurst https://orcid.org/0000-0001-8480-1961
W. M. Farr https://orcid.org/0000-0003-1540-8562
M. Fishbach https://orcid.org/0000-0002-1980-5293
T. J. Hansen https://orcid.org/0000-0001-6154-8983
J. Heinze https://orcid.org/0000-0003-4983-7672
A. M. Holgado https://orcid.org/0000-0003-4143-8132
D. E. Holz https://orcid.org/0000-0002-0175-5064
J. S. Key https://orcid.org/0000-0003-0123-7600
P. Koch https://orcid.org/0000-0003-2777-5861
M. Mapelli https://orcid.org/0000-0001-8799-2548
B. J. Owen https://orcid.org/0000-0003-3919-0780
C. Pankow https://orcid.org/0000-0002-1128-3662
P. M. Ricker https://orcid.org/0000-0002-5294-0630
Shubhanshu Tiwari https://orcid.org/0000-0003-1611-6625
M. Valentini https://orcid.org/0000-0003-0974-4148
D. Veske https://orcid.org/0000-0003-4225-0895
References
Aasi, J., Abbott, R., Abbott, T., et al. 2015, CQGra, 32, 074001
Abbott, B., Abbott, R., Abbott, T., et al. 2016a, PhRvL, 116, 241102
Abbott, B., Abbott, R., Abbott, T., et al. 2018, CQGra, 35, 065010
Abbott, B. P., Abbott, R., Abbott, T., et al. 2017a, ApJL, 848, L13
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016b, PhRvL, 116, 061102
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016c, CQGra, 33, 134001
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017b, Natur, 551, 85
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017c, ApJ, 841, 89
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017d, ApJL, 848, L12
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017e, PhRvL, 119, 161101
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019a, arXiv:1908.06060
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019b, PhRvX, 9, 011001
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019c, PhRvX, 9, 031040
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019d, ApJ, 886, 75
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019e, PhRvD, 100, 064064
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019f, arXiv:1304.0670
Acernese, F., Agathos, M., Agatsuma, K., et al. 2015, CQGra, 32, 024001
Ashton, G., Burns, E., Dal Canton, T., et al. 2018, ApJ, 860, 6
Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,
558, A33
Bhat, P. N., Meegan, C. A., von Kienlin, A., et al. 2016, ApJS, 223, 28
Blackburn, L., Briggs, M. S., Camp, J., et al. 2015, ApJS, 217, 8
Burns, E., Goldstein, A., Hui, C. M., et al. 2019, ApJ, 871, 90
Cabero, M., Lundgren, A., Nitz, A. H., et al. 2019, CQGra, 36, 155010
Callister, T. A., Kanner, J. B., Massinger, T. J., Dhurandhar, S., &
Weinstein, A. J. 2017, CQGra, 34, 155007
Chornock, R., Berger, E., Kasen, D., et al. 2017, ApJL, 848, L19
Connaughton, V., Briggs, M. S., Goldstein, A., et al. 2015, ApJS, 216, 32
Connaughton, V., Burns, E., Goldstein, A., et al. 2016, ApJL, 826, L6
Connaughton, V., Burns, E., Goldstein, A., et al. 2018, ApJL, 853, L9
Cowperthwaite, P. S., Berger, E., Villar, V. A., et al. 2017, ApJL, 848, L17
Dal Canton, T., & Harry, I. W. 2017, arXiv:1705.01845
Goldstein, A., Burns, E., & Hamburg, R. 2016, arXiv:1612.02395
Goldstein, A., Hamburg, R., Wood, J., et al. 2019, arXiv:1903.12597
Goldstein, A., Veres, P., Burns, E., et al. 2017, ApJL, 848, L14
Górski, K. M., Hivon, E., Banday, A. J., et al. 2005, ApJ, 622, 759
Greiner, J., Burgess, J. M., Savchenko, V., & Yu, H.-F. 2016, ApJL, 827, L38
Hotokezaka, K., Nakar, E., Gottlieb, O., et al. 2019, NatAs, 3, 940
Hunter, J. D. 2007, CSE, 9, 90
Isogai, T. & the Ligo Scientific Collaboration, & the Virgo Collaboration 2010,
JPhCS, 243, 012005
Jones, E., Oliphant, T., Peterson, P., et al. 2001, SciPy: Open Source Scientific
Tools for Python, http://www.scipy.org/
Kapadia, S. J., Caudill, S., Creighton, J. D. E., et al. 2020, CQGra, 37, 045007
Kasen, D., Metzger, B., Barnes, J., Quataert, E., & Ramirez-Ruiz, E. 2017,
Natur, 551, 80
LIGO Scientific & Virgo Collaboration 2019, Sky Localization Probability Maps
(skymaps) Release for GWTC-1, https://dcc.ligo.org/LIGO-P1800381/
public
Meegan, C., Lichti, G., Bhat, P. N., et al. 2009, ApJ, 702, 791
Messick, C., Blackburn, K., Brady, P., et al. 2017, PhRvD, 95, 042001
Mukherjee, D., Caudill, S., Magee, R., et al. 2018, arXiv:1812.05121
Nitz, A. H., Dent, T., Dal Canton, T., Fairhurst, S., & Brown, D. A. 2017, ApJ,
849, 118
Nitz, A. H., Nielsen, A. B., & Capano, C. D. 2019, ApJL, 876, L4
Pankow, C., Chatziioannou, K., Chase, E. A., et al. 2018, PhRvD, 98, 084016
Sachdev, S., Caudill, S., Fong, H., et al. 2019, arXiv:1901.08580
Salafia, O. S., Ghisellini, G., Ghirlanda, G., & Colpi, M. 2018, A&A, 619, A18
Savchenko, V., Ferrigno, C., Kuulkers, E., et al. 2017, ApJL, 848, L15
Singer, L. P., & Price, L. R. 2016, PhRvD, 93, 024013
Stachie, C., Canton, T. D., Burns, E., et al. 2020, arXiv:2001.01462
Tanvir, N. R., Levan, A. J., González-Fernández, C., et al. 2017, ApJL,
848, L27
Urban, A. L. 2016, PhD thesis, Univ. Wisconsin Milwaukee
Usman, S. A., Nitz, A. H., Harry, I. W., et al. 2016, CQGra, 33, 215004
Van Der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, CSE, 13, 22
Vedrenne, G., & Atteia, J.-L. 2009, Gamma-Ray Bursts: The Brightest
Explosions in the Universe (Berlin: Springer), 385
Veitch, J., Raymond, V., Farr, B., et al. 2015, PhRvD, 91, 042003
Veitch, J., & Vecchio, A. 2010, PhRvD, 81, 062003
Veres, P., Dal Canton, T., Burns, E., et al. 2019, ApJ, 882, 53
von Kienlin, A., Meegan, C. A., & Paciesas, W. S. 2020, ApJ, 893, 46
Watson, D., Hansen, C. J., Selsing, J., et al. 2019, Natur, 574, 497
Zhang, B. 2019, FrPhy, 14, 64402
Zhang, Y. F., Xiong, S. L., Liao, J. Y., et al. 2017, GCN, 21919, 1
14
The Astrophysical Journal, 893:100 (14pp), 2020 April 20 Hamburg et al.
